ZnO films were deposited on glass substrates by means of a metal organic decomposition (MOD) method. We investigated the effect of annealing temperature, time and the number of laminated layers on the film structure on the basis of X-ray diffraction measurements. We found the optimum conditions of the temperature and the time to be 600˚C and 40 minutes for the preparation, respectively. In addition, the layer-by-layer forming was not found to degrade the film from viewpoint of X-ray line width.
Introduction
ZnO attracts much attention for the application as a transparent conducting material in the first place [1] [2] . It is expected to replace indium tin oxide, for ZnO does not include any rare metal element, which is a big advantage for low price from the commercial point of view. As a transparent conducting material, several percent of another element such as aluminum is to be doped. ZnO is a II -VI semiconductor on the other hand, where it has a direct wide band gap of 3.37 eV at room temperature. So it is quite interesting, at the same time, as a semiconductor material for such applications as thin-film transistors [3] [4] , light-emitting diodes [5] [6] and gas sensors [7] [8] . Recently, ZnO nano-particles are applied to dye-sensitized solar cells for the enhancement of energy conversion efficiency [9] . Other optical and electronic properties of ZnO are summarized in detail in a comprehensive review reported in 2005 [10] .
The deposition methods for ZnO on a substrate are also summarized in the review [10] . The typical methods are radio frequency magnetron sputtering, molecular-beam epitaxy, pulsed-laser deposition and chemical-vapor deposition methods, which are well-known standard methods for electronic device fabrication. However, they all require a vacuum environment for the deposition of the material, which takes long time and high cost for manufacturing. So it is desired to fabricate ZnO films under the atmosphere. One solution for that is a simple method called the metal-organic decomposition (MOD) method. Using this method, a starting material in viscous liquid is spread over a substrate surface and then annealed to decompose it to form an end material, ZnO for example. The problem of this method is the relatively low crystalline quality. In this article, we report on the investigation of crystalline quality of ZnO formed by the MOD method. Guo et al. have achieved the film on glass substrate that shows strong cathode luminescence at room temperature [11] . Zou et al. have studied thermochemical process in ZnO during thermal treatments and observed the excess weight loss of ZnO by thermo-gravimetry differential thermal analysis [12] . In this article we focus on the relationship between preparation conditions during thermal treatment and crystalline characteristics in the scope of X-ray diffraction.
Experimental Details
We used two kinds of glass plates made of borosilicate or soda-lime glass as a substrate. Over the substrate we spread commercially available precursor solution for ZnO (SYM-ZN20, Kojundo Chemical Laboratory) by barcoating method, which was diluted twice in volume with diluent prepared by the same company before the use. The nominal value of the formed film was 23 μm.
After the film was spread, the sample was prebaked at 120˚C for 5 minutes to dry out solvent. We performed the heat treatment with an electric furnace in the air. The temperature, duration time and repeat count were varied respectively. For the temperature variation, the temperature was chosen from 300˚C to 700˚C where the duration time was 30 minutes. In this experiment, we used a borosilicate glass plate because soda-lime glass was softened above 600˚C. In order to investigate the duration time dependence, the duration time was varied from 10 to 60 minutes where the temperature was fixed to 550˚C. In this case we used a soda-lime glass. Finally, for the layer-by-layer formation of a thicker film, we varied repeat count from 2 to 8 times, where each heat treatment was done for 20 minutes at 550˚C. The substrate used in this experiment was soda-lime glass plates.
The obtained samples were examined by means of an X-ray diffractometer and the surface was observed with a scanning electron microscope (SEM). The X-ray powder diffraction pattern was taken with a diffractometer (Ultima IV, Rigaku) equipped with a Cu target. SEM photographs were taken with a microscope of JSM-6510LA (JEOL Ltd). Figure 1 shows X-ray diffraction patterns with the variation of temperature. The pattern tells us that the film consists of polycrystalline ZnO. Typical three structures appear at 31.8, 34.3 and 36.5 degrees in the low 2θ region, corresponding to (100), (002) and (101) planes of ZnO, respectively. Other two structures corresponding to (102) and (110) planes at 47.5 and 57.1 degrees are hard to observe in the figure. We pay attention to the strongest structure at 36.5 degrees. The intensity of this structure is shown in Figure 2 as a function of heat treatment temperature. The intensities are only scattered randomly and does not show any systematic tendency. On the other hand, the full width at half maximum (FWHM) of the structure (Figure 3) monotonically decreases with the temperature. The reduction of the FWHM possibly derives from the enhancement of the crystalline quality or the larger size of crystal grains for instance. The FWHM at 700˚C is slightly larger than that at 600˚C. It seems to be due to many cracks originated at 700˚C as shown in the SEM photograph in Figure 4 , while there is no surface structure on the sample and then the surface is quite smooth in case of 600˚C.
Results and Discussion
We next consider the results when the time duration of heat treatment was varied. X-ray patterns are shown in Figure 5 . In this figure, the three structures are clearly observed as well as in Figure 1 ; the two other structures are also weakly observed in addition at 47.5 and 57.1 degrees. In order to discuss the results, we show the integrated intensity and FWHM of the prominent diffracted peak from (101) plane in Figure 6 and Figure 7 , respectively. Figure 6 shows the intensity abruptly increases above 20 minutes and the largest at 40 minutes, and then decreases gradually with time. The FWHM is the smallest at 40 minutes as shown in Figure 7 . So the time of heat treatment is desirable to be 40 minutes.
We consider the reason of the decrease in X-ray intensity above 40 minutes here. We should pay attention to the fact that not only X-ray diffracted from (101) plane was weakened but all the other structures reduced with time above 40 minutes that can be confirmed in Figure 5 . We can then exclude the possibility for the preferred orientation of crystallites to change during the heat treatment. We suppose that whole amount of ZnO decreases with time above 40 minutes. Since the decomposition temperature of ZnO is above 1900˚C, the decrease in Xray intensity is not seemed due to the decomposition.
It should be pointed out that there is no other structure that increases with time over 40 minutes. This means that the other substance was not chemically generated from ZnO. The decrease in X-ray intensity is assumed due to phase changes to amorphous state with the help of the glass substrate. In order to confirm the reason for the X-ray decrease clearly, it is helpful to identify the formation of an amorphous phase by further experiments.
Finally we show X-ray diffraction patterns in case of changing repetition times of successive forming of the film in Figure 8 . The intensity and FWHM of (101) diffraction peak are shown in Figure 9 and Figure 10 , respectively. The intensity drastically increases with the pile of forming process. On the other hand, the FWHM slightly decreases with the pile of process. The results confirm that the laminating formation process can be effective to obtain a thick film without deteriorating crystalline quality. The laminating forming process is applicable because the starting material is liquid and then it is inconvenient to make a thick layer at one step. Figures  11-14 show the SEM photographs of the surface. The 8-times sample exhibits the largest grains around several micrometers closely packed all over the surface.
The next interesting point is the optical and electrical properties of the ZnO film. For example, transparency is a major issue for the application for transparent electrodes as well as the resistivity of the film. In this application, single crystal is not required like the materials for active devices such as transistors. The low production cost is rather crucial.
Conclusion
We fabricated ZnO films on glass substrates by the MOD method in the aim of developing a low cost preparation method. The films were physically examined by means of X-ray diffraction measurements and SEM observations. In the obtained X-ray patterns, 5 typical diffraction structures were observed; polycrystalline ZnO was confirmed. The amount of ZnO does not depend on the temperature of heat treatment, but strongly depends on the time duration. The maximum amount of ZnO can be obtained at 40 minutes based on our results. The longer heat treatment conversely diminishes the amount. Since the FWHM is the smallest at 40 minutes at the same time, we can conclude that there exists an optimum time, 40 minutes in our experiments for example. From the viewpoint of FWHM in X-ray diffraction structures, more than 600˚C is appropriate to the heat treatment. Finally, the overglaze production method is effective to form a thick film.
